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A quantum theory of SIT solitons has been developed previously by one of the authors based on the linearization approach within the framework of inverse-scattering method [2] , where only the quantum noises for the perturbed soliton parameters (photon number, phase, frequency, and position) were calculated accurately. In the present work a more usable quantum theory of SIT solitons is developed with the quantum effects of ensemble atoms taken into account. For the first time we are able to accurately calculate the detectable squeezing ratio when non-optimum homodyne local oscillator pulse-shapes are used. Since in typical squeezing experiments the output mean field pulse is used as the homodyne local oscillator, which is definitely non-optimum, the obtained theoretical results here should be helpful for future SIT soliton squeezing experiments. We will also investigate the possibility of generating quantum correlations between two SIT solitons through the mediation of the atomic medium.
For SIT solitons in a two level medium without inhomogeneous broadening, we use the following normalized quantum Maxwell-Bloch equations as the starting point, where U , ˆP N , are the normalized optical field, the dipole moment density, and the population inversion density operators respectively. The quantum equations as well as the correct commutation relations for the related quantum operators can be derived rigorously from the standard lightatom interaction Hamiltonian used in quantum optics,
We then solve the above Maxwell-Bloch equations by the back-propagation method [3] . The photon number in the soliton and the atom number seen by the soliton are both assumed to be large to justify the use of the linearization approximation for both the photon field operators and the atomic operators. The ratio of these two numbers appears in the equations through the coefficient r and through the normalized commutation relations of the operators.
In Fig. 1(a) , we calculate the optimal squeezing ratio for zero-detuning SIT solitons after different lengths of atomic medium, where only the soliton parts are detected. For the larger atomic density, r = 4, squeezing effect is stronger than the smaller atomic density case, r = 1, for the same medium length. However, if one plots the optimal squeezing ratio versus length*r, then the two curves overlap exactly, as shown in Fig. 1(b) . This is not surprising if a346_1.pdf JMB73.pdf one notices that the coefficient r can be absorbed into the units of z after adopting the moving coordinate. However, we find that although such normalization is valid in the classical theory, it is not rigorously true in the quantum theory, if the initial quantum fluctuations of the atomic variables have to be taken into account. When the local oscillator of the homodyne detection is not optimum, the contributions of the photon field continuum and the initial quantum fluctuations of the atomic variables will enter the detection. This is the case when the output mean field pulse is directly used as the homodyne local oscillator, which is the most convenient way in practical experiments. Fig. 1(c) shows the achievable squeezing ratio as a function of the propagation distance and the detuning frequency, where the output sech pulse with optimum phase adjustment is used as the local oscillator. One can notice that in this case it is better to detect the squeezing at non-zero detuning. Reasonable large squeezing still can be expected.
We also find that two time-multiplexed solitons can become correlated through the mediation of the atomic medium. The photon number correlation can be very large if the two solitons are close to each other and the propagation distance is long enough, just as the NLS solitons in optical fibers [4] . A more interesting case is when the two solitons are almost non-overlapping. One will expect that some correlations may still get established through the long-live atomic perturbations. Fig. 2(a) shows an illustration to establish the quantum correlations between two SIT solitons by varying the separations t d . After passing through the atomic media, we calculate the quantum correlations of the photon number and phase noises between the soliton pair. In Fig. 2(b) , we show that a certain degree of quantum correlation in photon numbers can be established. The quantum correlation is expected to increase as the separation decreases due to stronger overlapping. In contrast, the quantum phase correlation is more interesting and unexpected. Fig. 2(c) shows the dependence of the quantum correlation in phase. Due to the oscillating field continuum and atomic noises, the curves of quantum phase correlation also oscillate in space. Most important of all, the values of the quantum phase correlation coefficients are tenfold larger than those in the photon number when the same interaction length is considered.
In conclusion, a quantum theory that can accurately model and calculate the quantum noises and quantum correlations of self-induced transparency solitons is developed. The quantum effects of atoms are taken into account rigorously. SIT solitons are not only slowing down but also get squeezed. We show that in order to detect SIT soliton squeezing, either an optimal local oscillator at zero-detuning or a sech local oscillator at non-zero-detuning can be used. Strong quantum correlations of two SIT solitons can also be established through the mediation of the atomic medium. Unlike NLS solitons, an almost non-overlapping SIT soliton pair can still have reasonable large long-range quantum correlations in phase. All of these findings should open the whole new possibilities of using self-induced transparency solitons for quantum noise squeezing and entanglement generation. The achievable squeezing ratios for different frequency detuning when a sech local oscillator is used. 
